Recently, MEMS devices are being studied for which the focus can be changed by moving a lens . Another, reported approach is a deformable mirror device that used electrostatic actuators to deform the mirror. However, in the latter case, the approach did not allow a method of changing its curvature in steps. We have proposed an optical device for which the focus can be changed by using the reflection of a mirror deformed by four bulk PZT actuators, and described its fabrication process. We confirmed that the mirror was deformed when we applied voltage to the PZT actuators, and the principle of mirror deformation was examined.
The PZT has excellent piezoelectric characteristics. The principle of the mirror deformation that we exploited is illustrated in Fig. 1 . This focal variable mirror device is composed of a mirror surface on a Si membrane with four PZT actuators underneath it. The PZT actuators push against the membrane to deform the mirror. The PZT actuators were used not only to control each displacement independently, but also to remove any unnecessary distortion of the mirror. We performed a structural analysis of mirror deformation by using the finite element method to determine the device structure. Fig. 2 shows a structure of the focal variable mirror. This device consists of a base plate with a circuit pattern and bonding pads that were made of Si on a glass, PZT chips and Si mirror plate which can be deformed by PZT chips. The base plate is 20 mm square and 1 mm thick. The PZT chips are 2 mm thick. The four PZT chips of the inner sides are used as actuators to deform the mirror. The eight PZT chips on the outside are used to hold the Si mirror. The Si mirror plate is 12 mm square and 0.1 mm thick. The Si mirror has four-pillars of φ 100-µm in diameter in order to contact with the PZT actuators. By preparing these pillars, the contact area of PZT with Si is kept small, and distortion of the mirror by the contact part can be reduced. Therefore, we thought that the deflection surface would be smooth. We used micromachining to fabricate a focal variable mirror by bonding bulk PZT to Si single crystals, and then evaluated its performance.
We evaluated the initial distortion in the mirror surface of the device with a laser interferometer (ZYGO PTI 250, λ:655 nm, Resolution:λ/20). Fig. 3 shows the distortion of the mirror surface after the bonding process. In the 12-mm diameter of measurement, the peak to valley (PV) value was about 1.2 µm, and about 0.5 µm in PV value was obtained in the area of the effective diameter (φ 6 mm).
After poling the PZT, the dynamic deflection at the center of the mirror was measured with a laser doppler vibrometer. The mirror was vibrated by applying an AC voltage of 100 Hz. Fig. 4 shows the relation between driving voltage and deflection. The figure makes clear that the deflection increases linearly with driving voltage. 
Introduction
Optical device, such as cameras, microscopes, and image processing devices, need focusing mechanisms to obtain clear images. Conventional optical devices have lenses and mirrors. However, these optical elements do not have the ability to adjust the focus. Optical devices are generally focused by moving focusing mechanisms that are made up of many moving parts, such as gears, slides, and motors. Consequently, their structures are complicated, and such complicated moving structures require much space. Thus, a focusing function without such moving parts is required for modern optical devices.
Changing the focus in micro electro mechanical system (MEMS) devices by moving a lens has been one solution (1) . Another reported approach is a deformable mirror device that uses electrostatic actuators to deform the mirror (2) . However, this approach did not allow a continuous change in the mirror's curvature. We propose a device in which focus can be changed by manipulating the mirror's curvature. The mirror can be deformed by using four bulk Pb(Zr,Ti)O 3 (PZT) actuators. In this paper, we describe a mechanism for deforming the mirror with driving actuators and a fabrication process for the mirror device.
Design and Simulation

Design
Piezoelectric ceramics, specifically the PZT, are used as actuators to deform the mirror. The PZT has excellent piezoelectric characteristics. The principle of the mirror deformation that we exploited is illustrated in Fig. 1 . This varifocal mirror device is composed of a mirror surface on a Si membrane with four PZT actuators underneath it. The PZT actuators push against the membrane to deform the mirror. We determined the design specifications that are described below.
To reflect φ 4 mm laser beam with the mirror surface tilted at 45 degrees, the effective diameter of the mirror was found to be 6 mm. To obtain a smooth-curved surface, the four work points should be located outside the effective diameter. In this study, we applied the load to a circumference of φ 6 mm. The PZT actuators were used not only to control each displacement independently, but also to remove any unnecessary distortion of the mirror. The maximum variable deflection of the mirror was set to be 2.5 µm.
Simulation
Based on the configuration mentioned above, we performed a structural analysis of mirror deformation by using the finite element method (FEM) to define the distance (d) between a work point and the fixed mirror position as a * R&D Engineering Department, Funai Electric Co., Ltd.
Ohgimachi Branch Shinohgimachi Bldg. Fig. 2 shows a quarter cut model of the analysis. The hatched area was fixed to the base plate. The simulation was conducted by giving displacement at the position 3 mm from the center on an x-and a y-axis. We used (100) Si as the mirror material (thickness is 100 µm). We used a Young's modulus of 190 GPa and a Poisson ratio of 0.27. Table 1 presents the analysis result for the displacement at work points and PZT load required to generate a deflection of 2.5 µm at the center of the mirror. Fig. 3 shows the deformation on the x-axis for different distances. In a range with a radius of 3 mm, deflection does not depend strongly on the value d. From our analysis, we found that making d smaller was preferable in order to reduce the displacement of the PZT actuators. This is also desirable for miniaturizing the device, so we set the value of d as 1 mm. Fig. 4 presents a static analysis result that is a map of mirror deformation for the distance of 1 mm. The analysis confirms that the mirror is spherically deformable. Fig. 5 shows a structure of the varifocal mirror. This device consists of a base plate with a circuit pattern and bonding pads that were made of Si on a glass, PZT chips and Si mirror plate which can be deformed by PZT chips. The base plate is 20 mm square and 1 mm thick. The PZT chips are 2 mm thick. The four PZT chips of the inner sides are used as actuators to deform the mirror. The eight PZT chips on the outside are used to hold the Si mirror. The Si mirror plate is 12 mm square and 0.1 mm thick. The Si mirror has four-pillars of φ 100-µm in diameter in order to contact with the PZT actuators. By preparing these pillars, the contact area of PZT with Si is kept small, and distortion of the mirror by the contact part can be reduced. Therefore, we thought that the deflection surface would be smooth. Furthermore, we performed poling of all the PZT tips to reduce initial distortion of the mirror. A direction of polarization is the same entirely, and it is a direction of z-axis. The electrodes from 1 to 4 were for poling and driving. The electrodes from 5 to 12 were only for poling.
Structure
Fabrication Process
Fabrication process for the device is shown in Fig. 6 . The details of the processes are listed below. We used a sandblasting process to form the bonding pads and the circuit pattern of Si. A bulk PZT wafer was bonded to Si on a glass plate with thermocompression bonding. After bonding, PZT was cut with a dicing saw to separate it into twelve PZT chips. We needed an electrode at the top and the bottom of each PZT chips. The bottom electrode was fixed to the Si circuit pattern on the glass, and the top electrode was fixed to the Si mirror. We use the top electrode as a common electrode. After wiring it with silver paste, the device was completed by poling the PZT.
The four-pillars of φ 100-µm in diameter and surrounding fix portion were formed by etching 100-µm thick Si plate. The etching depth was 10 µm. Table 2 shows the bonding conditions. In this process, we used Au thin films of 1 µm thick as an . Fig. 7 is a photograph of the completed device. Fig. 8 is a SEM image after cutting the PZT. The PZT are bonded only to the Si pads on the glass plate. The PZT is divided into four actuators and the eight fixed parts. Fig. 9 is a SEM image of a 10 µm thick Si pillar formed by RIE.
Results and Discussion
We evaluated the initial distortion in the mirror surface of the device with a laser interferometer (ZYGO PTI 250, λ:655 nm, resolution:λ/20). Fig. 10 shows the distortion of the mirror surface after the bonding process. In the 12-mm diameter of measurement, the peak to valley (PV) value was about 1.2 µm, and about 0.5 µm in PV value was obtained in the area of the effective diameter (φ 6 mm).
After poling the PZT, the dynamic deflection at the center of the mirror was measured with a laser doppler vibrometer. The mirror was vibrated by applying an AC voltage of 100 Hz. Fig. 11 shows the relation between driving voltage and deflection. The figure makes clear that the deflection increases linearly with driving voltage.
Conclusions
We have proposed an optical device for which the focus can be changed by using the reflection of a mirror deformed by four bulk PZT actuators, and described its fabrication process. We confirmed that the mirror was deformed when we applied voltage to the PZT actuators, and the principle of mirror deformation was examined.
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